Introduction
Since the outbreak of West Nile virus (WNV) encephalitis in the New York City area in 1999 (Asnis et al., 2000) , it has spread across the United States (Sejvar, 2007) . Mosquitoes are WNV carriers that become infected when they feed on infected birds. Infected mosquitoes can then spread WNV to humans and other animals. One of the common WNV mosquito vectors is Culex pipiens which harbors WNV when overwintering as diapausing-adults, and can transmit the pathogen upon blood feeding during the postdiapause period (Nasci et al., 2001; Dohm et al., 2002) . Cx. pipiens is able to transmit other flaviviruses that cause human and animal encephalitis and these viruses have also been shown to survive diapause in overwintering mosquitoes (Bailey et al., 1978) . Investigation of physiological and biochemical processes that govern Cx. pipiens diapause would significantly improve our understanding of viral transmission in this important biological vector and may provide novel targets for disease control.
Insect diapause is a dynamic process with at least three main phases: pre-diapause, diapause, and post-diapause (Eldridge, 1966; Danks, 2000; Kostal, 2006) . Nulliparous and inseminated Cx. pipiens females enter adult diapause in response to short-day length and low temperature experienced during larval and pupal development (Spielman, 2001) . Overwintering females do not take blood (Mitchell and Briegel, 1989a) , and fail to use blood for producing lipid reserves for survival during diapause (Mitchell and Briegel, 1989b) . Metabolic studies revealed that during the first few weeks post-eclosion, the diapause females increase the frequency of sugar feeding (Bowen, 1992) . Such a modified feeding behavior might represent a metabolic switch from blood feeding to sugar gluttony as shown by Robich and Denlinger (2005) . This same study also found that fatty acid synthase levels were upregulated and associated with the accumulation of lipid reserves in diapause-destined female Cx. pipiens. Previous metabolic studies of diapause in Cx. pipiens, demonstrated that during the first week post-eclosion, the diapause-destined mosquito accumulates 1.7 times more lipid, and 2.3 more carbohydrate, than non-diapause mosquitoes (Mitchell and Briegel, 1989b) . However, these studies Diapause in overwintering adult female Culex pipiens mosquitoes plays an important role in the transmission of West Nile and other encephalitis-inducing flaviviruses. To investigate the dynamic metabolic processes that control Cx. pipiens diapause, we used radioactive tracer techniques with [ 14 C]-glucose to investigate the metabolic fate and flux of glucose in adult mosquitoes reared under diapause (18 8C, short day) and non-diapause (27 8C, long day) conditions. We found that by 72 h post-14 C-labeling of 1-day-old mosquitoes, the diapause-destined mosquitoes had converted 46% more 14 C-labled glucose into 14 C-labled lipid than mosquitoes reared under non-diapausing conditions. When 5-day-old mosquitoes were fed [ 14 C]-glucose, and then switched to water only, the non-diapausing mosquitoes oxidized nearly three times more 14 C-labled glycogen and lipid by day 7 than diapausing-mosquitoes. This increased energy expenditure in non-diapausing mosquitoes is most likely due to temperature-and light-dependent increases in the basal metabolic rate. Amongst the diapausing-mosquitoes we analyzed over a subsequent 7-week period, we found that the amount of 14 C-labeled glycogen decreased steadily for the first month of diapause, whereas, 14 C-labeled-lipid levels were not significantly decreased until after day 35 of diapause, indicating that flux through glycogenolysis is higher than lipolysis during the first month of diapause. Lastly, our analysis revealed that 38% of the initial 14 C-labled lipid that was synthesized during the adult pre-diapause phase was still present following the first gonotrophic cycle. About 33% of this remaining 14 C-labeled lipid was localized to the newly developed eggs, suggesting that lipid sparing processes during a minimal 7-week long diapause may enhance egg production.
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could not distinguish between a reorganization of lipid reserves from the larval stage, and/or an increase in de novo synthesis from sugar meals during the adult pre-diapause phase. Moreover, altered metabolic flux through lipid and glycogen biosynthetic pathways in diapausing-mosquitoes, and changes in the basal metabolic rates (energy expenditure) under the two distinct environmental conditions, were not addressed. Physiological changes in diapausing Cx. pipiens mosquitoes have also been studied. For example, follicular development is incomplete in diapausing adult females and they remain teneral until the completion of diapause (Sanburg and Larsen, 1973; Spielman and Wong, 1973) . A more recent study showed that insulin signaling is involved in the regulation of follicular arrest during diapause in Cx. pipiens (Sim and Denlinger, 2008) . Once diapause is broken by exposure to a longer photoperiod with an increased incubation temperature, Cx. pipiens females will take a blood meal and lay eggs in about 3 weeks (Mitchell and Briegel, 1989b) . It is unknown if any of the lipid reserve formed in the adult pre-diapause phase is available to support the post-diapause gonotrophic cycle in blood fed Cx. pipiens.
To elucidate the dynamics of metabolic processes that control diapause in Cx. pipiens, and to track the metabolic fate of glucose during sugar feeding in adult pre-diapause mosquitoes, we have performed a series of radioactive trace-labeling studies in which uniformly labeled [
14 C]-glucose was fed for 24 h to Cx. pipiens females that had been reared from the second larval instar stage onward under diapause or non-diapause conditions. By analyzing the amount of glucose-derived 14 C contained in glycogen, lipid, protein, and amino acid pools at various time points before and after diapause, and comparing these data to that from nondiapausing mosquitoes, we have been able to determine the metabolic fate of this carbon in terms of energy expenditure and flux through metabolite pools. Results from these quantitative studies may provide biochemical insights into this important physiological process in Cx. pipiens and perhaps lead to novel strategies for vector control.
Materials and methods

Rearing of mosquitoes
We used a Cx. pipiens strain (Buckeye strain) obtained from Dr. David Denlinger (Ohio State University) that was established in September 2000 from larvae collected in Columbus, Ohio (Robich and Denlinger, 2005; Robich et al., 2007) . The stock colony was maintained with a 10% sucrose solution at 27 8C, 75% relative humidity (RH), and a photoperiod of 15 h:9 h (light:dark). Larvae were reared in a 9 in. Â 13 in. plastic tray containing 350 ml of deionized H 2 O, and fed with a 1:1 mixture of TetraMin fish flakes (Doctors Foster & Smith, Thinelander, WI) and crushed Prolab 2500 rodent diet (PMI Nutrition International, Brentwood, MI). The larvae were maintained at $200-250 insects per tray.
Inducement and termination of diapause
Following the protocol of Robich et al. (2007) , eggs and the first instar larvae were kept under normal colony conditions (nondiapause) until the second instar stage and then moved to a CARON 6010 Environmental Test Chamber (Caron Products & Services, Inc., Marietta, OH) under the diapause conditions of 18 8C, 75% RH and a photoperiod of 9 h:15 h (light:dark). These diapause-destined adult females were maintained with 10% sucrose solution for 7 days after eclosion. To confirm diapause status, primary follicles and germarium lengths were dissected and compared between diapause and non-diapause females according to the methods described by Spielman and Wong (1973) . To terminate diapause, the diapause females were moved to non-diapause conditions and maintained with a 10% sucrose solution.
Experimental design
To compare the differences in formation and conversion of energy reserves from a sugar meal between non-diapause and diapause-destined females during the adult pre-diapause phase (after eclosion), 1-day-old adult females were starved for 24 h and then fed with [
14 C]-glucose for 24 h. The 14 C-labeled mosquitoes were then maintained on unlabeled glucose for 5 more days.
Mosquitoes were sampled every 24 h and whole body extracts were processed to obtain 14 C-labeled glycogen, lipid, protein, and amino acids. These 1-day-old 14 C-labeled mosquitoes are referred to as the D-1 cohort in all experiments. In a second experiment designed to characterize the utilization of energy reserves from the adult pre-diapause phase, during and after diapause, 5-day-old sugar-fed pre-diapause and non-diapause females were starved for 24 h and then fed with 14 C-glucose for 24 h, followed by feeding for 24 h with an unlabeled 10% sucrose solution. These 14 C-labeled mosquitoes are referred to as the D-5 cohort in all experiments. The D-5 mosquitoes were maintained with water only under diapause or non-diapause conditions and only live mosquitoes were sampled at each time point. After 49 days under diapause conditions with water only feeding, the D-5 mosquitoes were transferred to a chamber maintained at non-diapausing conditions. These mosquitoes were fed an unlabeled 10% sucrose solution for 2 weeks, followed by feeding a chick blood meal (PelFreez Arkansas LLC, Rogers, AR).
Metabolic labeling with [ 14 C]-glucose
The [ 3, 5, 7, 14, 21, 28, 35, 42 , and 49 days post-labeling in the D-5 experiment, pools of 14 C-labeled females were collected and dried at 100 8C for 1 h and used separately for the microseparation of mosquito glycogen, lipid, protein, and amino acids. The dried mosquito samples were crushed with a glass rod in appropriate volume of saturated Na 2 SO 4 in H 2 O and methanol, then extracted with methanol:-chloroform (1:1, v/v) into fractions containing protein, glycogen, total lipids, and mixture of amino acids and sugars. The fraction containing total lipids was passed through a column containing silicic acid to remove phospholipids from triacylglycerols. The combined aqueous extracts, which contain simple sugars and the amino acids, were mixed with cation-exchange resin to separate amino acids and sugars. The recovery of each group of metabolites was more than 99%, which is similar to our previous 14 C-labeling study in Ae. aegypti (Zhou et al., 2004a) . 2.5. Blood feeding and egg sampling of 49-day-old Cx. pipiens mosquitoes following diapause Following 49 days of growth under diapause conditions, the surviving mosquitoes were transferred to the non-diapause growth chamber and maintained with 10% sucrose solution feeding for 2 weeks. Fourteen days after switching the mosquitoes to non-diapause growth conditions (63 days post-labeling), the mosquitoes were fed with chick blood in a membrane feeder using 37 8C pre-warmed blood. For egg collection, each blood fed mosquito was placed in a plastic water cup containing a 30-ml beaker with water. The cup was sealed with a piece of mesh. Eggs were collected at 120 h post-feeding. The spent females were dissected to collect any eggs retained in ovaries. The collected eggs and the carcasses were used for the microseparation of glycogen, lipid, protein and amino acids (Zhou et al., 2004a,b) .
Statistical analysis
Data were obtained from three separate experimental samples and the various biochemical products were expressed as DPM/ mosquito or relative DPM as noted (Table 1) . One-way ANOVA with Tukey's multiple comparison test was used for comparison of various indices between non-diapause and adult diapausedestined or diapause females. The significance level was set at p < 0.05. All the statistical analyses and graphs were prepared using Graph Pad Prism 4 (Graph Pad Prism Software, Inc., San Diego, CA) and SPSS for Windows (v11.5) (SPSS Inc., IL).
Results
Fate of [ 14 C]-glucose during the adult pre-diapause phase
Since it is possible that changes in metabolic flux are initiated by exposure to diapause conditions during the larval stage, and that metabolic changes occur in newly emerged adults that are affected by diapause conditions, we determine the fate of sugarderived carbon in non-diapause and diapause-destined 1-day-old (D-1) and 5-day-old (D-5) female mosquitoes using a radioactive trace-labeling approach with uniformly labeled [
14 C]-glucose. As shown in Fig. 1A , there was no significant difference between the non-diapause and diapause-destined D-1 and D-5 mosquitoes in terms of total [ 14 C]-glucose uptake (Fig. 1A) , suggesting that glucose feeding during the 24-h trace-labeling period in each of these mosquito groups was similar. Moreover, biochemical fractionation revealed no significant difference between the amount of 14 C-labeled glycogen, lipid, protein, or amino acids in non-diapause or diapause-destined mosquitoes at the end of the 24-h labeling period, regardless of their age at the time of labeling (D-1 or D-5). Taken together, these data indicate that accumulated differences in total glycogen and lipid stores in diapausingmosquitoes (Mitchell and Briegel, 1989b) , is not due to differential metabolic flux at days 1 and 5 post-eclosion. We next examined the fate of 14 C-glucose in D-1 non-diapause and diapause-destined mosquitoes during the 5-day pre-diapause phase after eclosion. The data in Fig. 2 reveal that there were no significant differences between non-diapause and diapausedestined mosquitoes in the amount of 14 C-labeled glycogen, protein, and amino acid over this time period, however, the level of 14 C-labeled lipid was 46%, 51%, and 71% higher in the diapausedestined mosquitoes on days 3, 4, and 5, respectively. Since the total [ 14 C]-glucose uptake was the same in both sets of mosquitoes during the 24-h trace-labeling period (Fig. 1A) , and our analysis only tracks 14 C-labeled metabolites, these results suggest that diapause-destined adult Cx. pipiens mosquitoes may upregulate lipid synthesizing pathways during the pre-diapause phase after eclosion as previously proposed (Robich and Denlinger, 2005) . In addition, it is likely that non-diapause mosquitoes have significantly higher basal metabolic rates and energy demands due to environmental differences in temperature and daylight length. This would result in a preferential depletion of lipid stores through fatty acid oxidation in the non-diapause mosquitoes compared to diapause-destined mosquitoes.
Energy metabolism during the early and late diapause phases
Once we validated that the diapause-destined mosquitoes were indeed converted to a diapause physiological state by examining primary follicles and germarium lengths (Spielman and Wong, 1973) , the D-5 non-diapause and diapause mosquitoes were switched to water only feeding (starvation). At various time points, pools of mosquitoes were sampled and levels of whole body 14 Clabeled glycogen, lipid, protein, and amino acids were determined. As shown in Fig. 3 , the levels of 14 C-labeled glycogen and lipid decreased dramatically in the non-diapause mosquitoes compared to the diapausing-mosquitoes, demonstrating that differences in the environmental growth conditions during the pre-diapause phase was sufficient to alter the metabolic dynamics. Moreover, by day 14 of starvation, the non-diapause mosquitoes had nearly exhausted all of the 14 C-labeled glycogen and lipid they had accumulated, which would explain the high mortality rate in this group of mosquitoes (Fig. 4) . With regard to lipid metabolism, it can be seen in Table 1 that the amount of 14 C-labeled lipid increased by almost two-fold in the diapausing-mosquitoes during this early diapause phase, while the amount 14 C-labeled protein and amino acid decreased by $80% and $90%, respectively. This result suggests that metabolic processes in diapausing-mosquitoes that stimulate lipogenesis using glucose-derived carbon must be scavenging carbon from glucogenic and ketogenic amino acids that were initially labeled with 14 C through the glucose-alanine cycle (Felig, 1973) . To follow the fate of 14 C-labeled glycogen and lipid during the late diapause phase, we sampled mosquitoes every 7 days from days 14 to 49 of starvation as shown in Fig. 5 . Using day 7 of starvation as the baseline for glycogen and lipid reserves during the onset of diapause (arrow in Fig. 5 ), we found that 14 C-glycogen levels decreased significantly at day 14 (p = 0.02), and continued to decline until day 49 when they were only 11.8% of the prediapause amount (Table 1 ). In contrast, 14 C-lipid levels did not begin to decrease until day 35, and were not significantly lower until day 42 (p = 0.01). The observed 79% decrease in 14 C-glycogen from days 7 to 35, compared to 14 C-lipid levels which only decreased 28% during this same time period, indicates that glycogen plays an important role in the first $5 weeks of diapause, whereas, lipid reserves become more important after week $6. Note that in our experiments, diapause was terminated early at day 49 to retain sufficient levels of 14 C for analysis, however, it is likely that most diapausing-mosquitoes would have survived an additional 60 days ($120 days diapause phase) based on other studies (Robich and Denlinger, 2005) .
3.3. Lipids synthesized during adult pre-diapause phase are used for egg production in mosquitoes subjected to a 49-day long diapause Diapause was terminated by transferring mosquitoes to an environmental chamber maintained under non-diapause condi- tions and providing sugar pads for 14 days. Mosquitoes were then fed a chick blood meal and the amount of 14 C-labeled lipid in the eggs and carcass was determined at 120 h post-blood meal feeding. As shown in Table 1 , we found that of the 38.3% of total 14 C-labeled lipid that remained at the end of the gonotrophic cycle, 32.9% of it was localized to the eggs (12.6% of the starting amount). These data indicate that 14 C-labeled lipid produced from sugar-derived carbon during the adult pre-diapause phase, contributes to egg production under conditions in which the diapause period is short enough to spare sufficient amounts of lipid.
Discussion
Sugar meals are critical for building up energy reserves in adult pre-diapause Cx. pipiens mosquitoes because blood feeding behavior is curtailed at this time (Mitchell and Briegel, 1989b; Robich and Denlinger, 2005) . Although increases in the total amount of stored glycogen and lipid has been observed in adult pre-diapause mosquitoes (Mitchell and Briegel, 1989b) , no studies to date have determined the metabolic fate of these sugar meals, nor if there are any changes in metabolic flux between various metabolite pools as a function of diapause. Based on our previous experience using radioactive trace-labeling methods to study the fate of [
14 C]-glucose fed to teneral female Ae. aegypti mosquitoes (Zhou et al., 2004b) , we have now applied similar quantitative analyses to study metabolism in adult female Cx. pipiens mosquitoes during various phases of diapause. The results of these studies provide the first dynamic picture of energy metabolism in Cx. pipiens as a function of diapause and extend earlier studies that measured the total amount of glycogen and lipid that accumulate in the pre-diapause phase of larvae and adults. We first investigated the adult pre-diapause phase and found that diapause conditions do not significantly alter either the amount of glucose ingested, or metabolic pattern, compared to mosquitoes reared under non-diapause conditions (Fig. 1) . These results would seem contradictory to the behavioral studies of Bowen (1992) , in which it was reported that diapause-destined female Cx. pipiens had an increased frequency of sugar feeding. However, the two studies employed different feeding methods which could explain the results. In the Bowen experiments, the mosquitoes were fed in a continuous ad libitum manner, whereas in our experiments, we only monitored feeding for a 24-h period in 1-day-old or 5-day-old mosquitoes which did not account for possible behavioral differences in feeding on days 2, 3, and 4. Another possibility is that the average glucose meal size in the Bowen study may have been smaller for the diapause-destined mosquitoes, such that more frequent feeding did not actually lead to increased glucose ingestion. One way to distinguish between these two possibilities would be to allow non-diapause and diapause-destined mosquitoes to feed on [ The only significant difference we observed between the two sets of D-1 mosquitoes during the adult pre-diapause phase was the increase in 14 C-labeled lipid in diapause-destined mosquitoes, which began as early as 72 h post-feeding (Fig. 2) . In terms of increased flux through lipid synthesizing pathways, this result suggests that lipid synthesis is already stimulated in diapausedestined larvae, or that sugar feeding in newly eclosed adults stimulates a metabolic switch that activates lipogenesis. Additional 14 C-labeling studies during the larval development of nondiapause and diapause-destined mosquitoes would be needed to address this question. Interestingly, recent studies have shown that upregulation of fatty acid synthase gene expression is associated with diapause in Cx. pipiens (Robich and Denlinger, 2005) , and that decreased insulin signaling may be an upstream signal in the initiation of Cx. pipiens diapause (Sim and Denlinger, 2008) . Therefore, this proposed lipogenic switch in diapausedestined mosquitoes, could be regulated by insulin signaling in response to circadian rhythm changes or decreased temperature. One of the most interesting results from our study was the finding that glycogen, not lipid, is the primary energy source during early diapause (Fig. 5) . Indeed, 14 C-labeled lipid levels are not reduced significantly until day 35 of diapause, whereas, the level of 14 C-labeled glycogen begins to decrease by day 14. In hibernating mammals, fuel metabolism is reorganized so that most organs depend on aerobic lipid oxidation for their energy needs at the onset of hibernation (Carey et al., 2003) . However, some hibernating snakes and lizards use hepatic glycogen, not fat, as their main energy source (Abdel-Kader et al., 1995) . Therefore, while lipid oxidation during hibernation is primary energy source in mammals, other organisms use glycogenolysis to a greater extent as is the case in Cx. pipiens. Since we found that 14 C-labeled glycogen is nearly depleted in Cx. pipiens by day 35 of diapause, which coincides with the time that levels of 14 C-labeled lipid first begin to decline, it is tempting to speculate that there is an energy sensing signal, perhaps the AMP-activated protein kinase complex, that stimulates the switch from glycogenolysis to lipolysis at this time.
We also found that $33% of the 14 C-labeled lipid remaining in the 49-day-old diapausing-mosquitoes was transferred to eggs following completion of the gonotrophic cycle. This represented 12.6% of the total 14 C-labeled lipid synthesized in D-5 mosquitoes during the adult pre-diapause phase (Table 1) . It is possible that preferential glycogen usage early in the diapause phase, and lipid sparing processes in the later stages of diapause, help to preserve lipid reserves to ensure a more productive gonotrophic cycle in the post-diapause phase. An alternative explanation is that lipid reserves are primarily used for survival during an extended diapause phase, which can be up to 120 days long in Cx. pipiens (Robich and Denlinger, 2005) . However, since we terminated diapause at day 49 in our experiment, there was sufficient lipid available to produce more viable eggs in the first gonotrophic cycle than would have been possible if diapause were longer. The relationship between the length of diapause, the amount of lipid reserve available when diapause is terminated, and fecundity, could provide insight into the regulatory processes that govern lipid metabolism and reproduction. It seems likely that insulin or ecdysone signaling could at least be partially involved in coordinating these related physiological processes. In summary, we have used radioactive trace-labeling methods to identify the metabolic fate of [ 14 C]-glucose fed to adult prediapause Cx. pipiens mosquitoes to complement earlier studies that measured bulk increases in glycogen and lipid reserves as a function of the diapause state (Mitchell and Briegel, 1989b) . Based on levels of 14 C-labeled metabolite pools during various stages of diapause, our results suggest that adjustments in metabolic flux between glycogen and lipid energy reserves are highly regulated as a way to optimize fuel metabolism during diapause. We propose that these tightly controlled metabolic processes prolong survival and enhance reproductive success following the first gonotrophic cycle. Future studies are needed that combine the use of RNAi knock-down strategies of specific genes, with quantitative metabolic 14 C-labeling methods, to identify key regulatory control points in the diapause process. 
